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DNA  marker-assisted  selection  (MAS)  has  become  an indispensable  component  of breeding.  Single
nucleotide  polymorphisms  (SNP)  are  the most  frequent  polymorphism  in  the rice genome.  However,
SNP  markers  are  not  readily  employed  in MAS because  of limitations  in  genotyping  platforms.  Here  the
authors  report a Golden  Gate  SNP  array  that  targets  speciﬁc  genes  controlling  yield-related  traits  and
biotic  stress  resistance  in  rice.  As a ﬁrst step,  the SNP genotypes  were  surveyed  in 31  parental  vari-
eties  using  the Affymetrix  Rice  44K  SNP microarray.  The  haplotype  information  for 16  target  genes  wasAS
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then  converted  to  the  Golden  Gate  platform  with  143-plex  markers.  Haplotypes  for  the  14 useful  allele
are  unique  and  can discriminate  among  all  other  varieties.  The  genotyping  consistency  between  the
Affymetrix  microarray  and  the  Golden  Gate array  was  92.8%,  and  the  accuracy  of the Golden  Gate  array
was  conﬁrmed  in 3 F2 segregating  populations.  The  concept  of the haplotype-based  selection  by  using
the  constructed  SNP  array  was  proofed.
© 2015  The  Authors.  Published  by  Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the  CC  BY. Introduction
By 2050, the world population is expected to surpass 9 bil-
ion. To address the monumental challenge of feeding 9 billion, a
0% increase in global agricultural production has to be reached
[1], http://faostat.fao.org/default.aspx]. Rice is one of the most
mportant food crops, providing up to 76% of the caloric intake
n Southeast Asia and up to 23% of the caloric needs worldwide
2,3]. Increasing rice production, therefore, would play a key role
Abbreviations: QTL, quantitative trait loci; SNP, single nucleotide polymorphism;
AS, marker-assisted selection; SSR, simple sequence repeat; BX, BeadXpress; OPA,
ligo pool assay; InDel, insertion/deletion.
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168-9452/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access license  (http://creativecommons.org/licenses/by/4.0/).
in efforts to secure the world food supply. Superior rice varieties
with high yield, good eating quality, pest and disease resistance and
other good agronomic characteristics have been developed by tra-
ditional breeding. However, there is still a continuing demand for
new varieties that would further improve rice production. To this
end, gene pyramiding has been an efﬁcient breeding strategy that
allows incorporation of multiples genes of agronomic importance
into a single variety [4].
Currently, a number of useful genes or quantitative trait loci
(QTLs) that are related to agronomical traits have been identiﬁed.
Genes controlling yield-related traits such as panicle or seed shape
[5,6], as well as biotic stress resistance genes that can be used to
rationally manage rice pests and diseases [7–9] have been identi-
ﬁed and cloned. DNA markers are now available to precisely select
useful alleles for these traits and pyramid them in rice.
With the development of DNA techniques, marker-assisted
selection (MAS) has become an indispensable component of breed-
ing. MAS  not only eliminated the extensive trait evaluation involved
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Rice varieties used in this study.
ID Variety Descriptiona Target gene(s)b
1 ADR52 Brown planthopper resistance bph25,  Bph26
2  ARC10313 Green rice leafhopper resistance Grh2, Grh4
3  Asominori Green rice leafhopper resistance Ovc
4  ASU Cold tolerance/recipient
5  Azucena Drought tolerance/recipient
6  Basmati217 Good eating quality/recipient
7  Basmati370 Good eating quality/recipient
8  DV85 Green rice leafhopper resistance, bacterial blight resistance Grh2, Grh4, Xa7
9  Fukuhibiki High yield/recipient
10  IR24 Background of IRBB21 and IRBB4/5/13/21
11  IRBB21 Bacterial blight resistance Xa21
12  IRBB4/5/13/21 Bacterial blight resistance Xa21, Xa4
13  Kandang18 Vietnamese cultivar/recipient
14  Kinandang Patong Drought tolerance (deep root)/recipient
15  Kinmaze Japanese cultivar/recipient
16  Koshihikari Japanese cultivar/recipient
17  Kuchum Cold tolerance/recipient
18  LO1050 Cold tolerance/recipient
19  Mizuhochikara High biomass, Japanese cultivar/recipient
20 Nipponbare Variety of rice reference genome
21  Pakhe Dhan Cold tolerance/recipient
22  Sensho Blast resistance pi21
23  Silewah Cold tolerance/recipient
24  ST12 High yield Gn1ac , WFP, APO1c
25 ST6 High yield, New plant type Gn1ac
26 T65BPH25/26 Brown planthopper resistance bph25,  Bph26
27  T65GRH2/4/6 Green rice leafhopper resistance Grh2, Grh4, Grh6
28  Taichung65 Taiwanese cultivar/recipient
29  TAL214 Good eating quality/recipient
30 TSC3 Brown planthopper resistance (unidentiﬁed)
31  V103S Vietnamese cultivar/recipient
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b “/recipient” indicate the varieties which will be potentially used as recipients o
c Allele were conﬁrmed by sequencing and QTL analysis (data not shown)
n gene pyramiding but also reduced the breeding duration for a
ariety. DNA markers such as restriction fragment length polymor-
hism (RFLP), simple sequence repeat (SSR), and single nucleotide
olymorphism (SNP) have been used in MAS, with SSRs being the
ost common marker of choice due to their abundance in the
enome, robustness, reproducibility, and low cost. SNPs, on the
ther hand, have not been used as extensively in breeding pro-
rams because of the difﬁculty in their detection. Thus far, the
pplication of SNPs in marker-aided breeding has entailed labori-
us and complicated techniques such as allele-speciﬁc PCR [10,11]
r restriction-enzyme based methods like cleaved ampliﬁed poly-
orphic sequence (CAPS) [12].
In spite of this, the utilization of SNPs as molecular markers for
reeding is becoming a real possibility. SNPs make up the largest
mount of DNA polymorphism in the eukaryotic genome and hence
an be used more rationally in marker-based breeding [13–15]. In
ice, 1.7 million SNPs have been detected by comparative analysis
f the draft genomic sequences of cv. Nipponbare (japonica) and
3-11 (indica) [16,17]. A vast amount of information on 160,000
igh-quality rice SNPs is also now available in OryzaSNP [18] and
n newer databases that serve as repositories for the vast amount
f information generated from the 3000 rice genomes project [19].
As for SNP detection, modern SNP genotyping techniques are
nabling automated, multi-loci allele calling in many samples at
 time [13]. In recent years, there has been a shift from the use
f the microarray platform towards the use of Illumina’s Golden
ate technology for SNP detection [20–23]. The Golden Gate tech-
ology is based on allele-speciﬁc extension and ligation, and can
enotype 1536 SNPs on 96 samples in its original format [24]. This
ives the advantage of an efﬁcient, high-throughput marker system
ith lower cost per data point unlike the microarray-based method,
hich might be advantageous in detecting a large number (more
han 40,000) of SNPs, but is too expensive for breeding purposes.tic backgrounds.
The highly automated Golden Gate-based method also requires
only a minimum quantity of DNA, allowing selection in the seedling
stage before transplanting. More importantly, the Golden Gate sys-
tem offers the advantage of haplotype-based selection because it
can simultaneously detect appropriate numbers of multiple SNPs
for MAS  (48-1536 or more SNPs).
In the present study, we developed a MAS  system based on SNPs.
As a ﬁrst step, the whole genome SNP information for 31 rice lines
that were selected for the authors’ breeding project was collected
using the Affymetrix’s SNP microarray [14,25]. The SNPs within the
genomic regions that are linked to 16 target genes were then con-
verted to Illumina’s Golden Gate Veracode oligo pool assay (OPA).
The quality of SNP detection and the application of the SNP array
for haplotype-based MAS  were conﬁrmed using 24 parental lines
out of the 31 varieties, and early breeding populations.
2. Materials and methods
2.1. Plant materials and target genes
Thirty-one rice varieties that were selected for the authors’
breeding project, Wonder Rice Initiative for Food Security and
Health (WISH) were used in this study. WISH is a breeding pro-
gram that aims to improve the yield and biotic stress resistance
of existing rice varieties that are preferentially grown by farmers
for their inherent adaptation to a wide range of environments. The
31 varieties contain the donors of 16 target genes and potential
recipient varieties, which are leading varieties, high-biomass vari-
eties, or varieties with abiotic stress tolerances, and 1 variety with
unidentiﬁed insect resistance gene(s) (Table 1).
A total of 16 target genes controlling yield-related traits
and pest resistance are listed in Table 2. The map  positions of
the cloned genes were assigned using the Nipponbare genomic
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Table  2
Target genes for SNP selection.
Gene Trait ID (IRGSP) or
mapped
position
Chromo-
some
Position References Number of loci
in custom OPA
Gn1a/OsCKX2 High yield Os01g0197700 1 5,270,449–5,275,585 [26] 12
GW2  Seed shape Os02g0244100 2 8,120,821–8,121,387 [27] 2
Grh4  Green rice
leafhopper
Resistance
Tightly linked
to XNpb144
3 14,904,428–15,106,953a [28] 10
GS3  Seed shape Os03g0407400 3 16,729,501–16,735,109 [29,30] 1
Grh6  Green rice
leafhopper
Resistance
RM8213-
C60248
4 4,290,544–4,647,693a [31] 10
pi21  Blast resistance Os04g0401000 4 19,835,206–19,836,892 [32] 1
qSW5  Seed shape Os05g0187500 5 5,360,574–5,360,727 [33] 10
bph25  Brown plant
hopper
resistance
Tightly linked
to RM6273 and
RM6775
6 382,564–1,594,975a [34] 22
Ovc  Ovicidal gene
to plant
hoppers
Tightly linked
to R1954
6 4,737,177–5,036,025a [35] 10
APO1  High yield Os06g0665400 6 27,480,082–27,481,450 [36] 10
Xa7  Bacterial leaf
blight
resistance
RM20576 -
RM340
6 28,796,789–29,000,232a [37,38] 7
WFP/OsSPL14 High yield Os08g0509600 8 25,274,541–25,278,696 [39] 10
Xa21  Bacterial leaf
blight
resistance
Os11g0559200 11 20,802,978–20,806,262 [40] 9
Grh2  Green rice
leafhopper
Resistance
Tightly linked
to G1465
11 23,231,248–23,607,373a [28] 9
Xa4  Bacterial leaf
blight
resistance
R1506 - S12886 11 27,822,819–28,130,150a [41] 8
Bph26  Brown plant
hopper
resistance
Tightly linked
to RM5479
12 22,607,871–23,340,348a [34] 13
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equence as reference [IRGSP1, http://http://rapdb.dna.affrc.go.jp].
he genomic positions of the genes that are not yet cloned were
etermined based on available public information or data obtained
y the authors. Alleles for GW2  and GS3 were discriminated by using
CR-based method. All of the 31 varieties carry small allele of GW2,
nd 7 varieties carry long-allele of GS3. Functional alleles of qSW5
ere known in not all varieties. For reducing redundancy, GW2, GS3
nd qSW5 are not indicated in Table 1.
.2. DNA microarray analysis (Rice 44k SNP genotyping array)
Rice genomic DNA was extracted from young, green leaf tissue
sing the DNeasy Plant Mini Kit (QIAGEN). Hybridization and sig-
al generation using the GeneChip Rice 44k SNP Genotyping Array
Affymetrix) were conducted following the methods of [25]. Fluo-
escence intensity was detected using the GeneChip Scanner 3000
G. “.CEL” ﬁles containing signal intensities were obtained.
The genotypes of the 31 varieties were called using the
LCHEMY program [42] following the methods of [25].
.3. Determination of SNP markers for custom Golden Gate assay
To select the SNP markers to be converted into Golden Gate
ssay, graphical genotypes based on the microarray data were ﬁrst
ade visible using the Flapjack program [43]. The haplotype (pat-ern of SNPs) information from approximately 200 kb upstream and
ownstream regions of the target genes was then collected. SNPs
ith low quality, i.e. low call rate were removed and haplotypes
hat were as unique as possible to the useful alleles of the targetgenes were visually selected, taking into consideration the distance
to the gene positions and balance of the minor allele frequencies.
Up to a total of 22 SNP loci were chosen for each target gene.
The positions of the selected SNP sites were corrected based on
the reference sequence available at IRGSP1 [http://rapdb.dna.affrc.
go.jp/] and ﬂanking sequences on the microarray (17 + 17 bases) for
each SNP sites were veriﬁed using the information available from
the Rice Diversity project website [http://ricediversity.org/data/
sets/44kgwas/]. Additional ﬂanking sequences (200 + 200 bases)
were obtained from the reference Nipponbare genome and were
used for designing the Golden Gate OPA. Functional nucleotide
polymorphism (FNPs) for the genes, GW2  (2 SNPs), GS3 (1 SNP) and
pi21 (1 insersion/deletion (InDel)), were directly used to design the
OPA.
The assay design tool (ADT) provided by Illumina was used to
design the custom OPA. A total of 143 SNPs comprise the ﬁnal
version of the custom OPA.
2.4. Golden Gate assay
To verify the preciseness of the custom OPA, the 24 varieties
which covered all of the 16 genes and LG10, the donor of GW2,
were genotyped with the Golden Gate assay using the Illumina
BeadXpress instrument following the manufacturer’s instruction.
The same DNA samples used in the microarray analysis were used.
Genotypes were called using the Genome Studio Genotyping Mod-
ule version 1.8.4 (Illumina). SNPs with low dispersion in genotype
clusters (GC10 less than 0.5) were removed.
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.5. Veriﬁcation of the feasibility of custom Golden Gate OPA
sing segregating populations
To conﬁrm the feasibility of the custom Golden Gate OPA, 3 F2
opulations from the crosses ST12 x IRBB4/5/13/21, T65BPH25/26
 ST12 and ST6 x T65GRH2/4/6 were used. DNAs of 12, 15 and
5 plants, respectively, from each of the 3 F2 populations were
xtracted and genotyped using the custom SNP array. Using the
ame DNA samples, genotypes at the GN1indel (primer pair: 5′-
CTTGTCCCTTCTACAATGG-3′ and 5′- AGTTGAGCATGAGGAGCACT-
′) and RM5493 ([44], primer pair: 5′- GCGGTAACAAACCAACCAACC
3′ and 5′- AAAGCAGGACACAGTCACACAGG -3′) loci of all samples
ere determined by PCR and electrophoresis of PCR amplicons
n 4% agarose gel. GN1indel is located at 5275477- 5275606 bp
ithin the coding region of Grain Number 1a (Gn1a) on rice chromo-
ome 1, whereas RM5493 is approximately 750 kbp downstream of
he Wealthy Farmer’s Panicle (WFP) locus on chromosome 8. Con-
ordance between the genotypes of samples generated using the
ustom SNP array and the two PCR markers were compared to
erify the accuracy of the SNP array.
. Results
.1. SNP survey using microarray
Whole genome SNP analysis of the 31 parental varieties that
ere previously selected for the authors’ breeding program was
onducted using the Rice 44k SNP Genotyping Array which can
etect 1 SNP per 5 kb genomic DNA [14,25] (Table 1, Supplementary
nformation 1). Because the Affymetrix’s genuine BRLMM-P (Beye-
ian Robust Linear Model with Mahalanobis with perfect match)
asecaller program was not applicable for rice and not appropriate
or this small population size, the authors employed the ALCHEMY
rogram [25,42]. Using the same parameters (call rate >70%, minor
llele frequency >1%) for the informatics, a comparable number of
igh-quality SNPs (34,985) were obtained in this study (vs 36,901
n [25]).
.2. Selection of SNPs
Linkage disequilibrium (LD) of SNPs within the subspecies
roups of Oryza sativa has been reported to be greater than 500 kb in
emplate japonica, 150 kb in tropical japonica, and 75 kbp in indica
45]. The rice genome is approximately 389 Mb  [46] and linkage
aps typically contain approximately 1500 cm [47,48]. Therefore,
 cm (one recombination per 100 meiosis per chromosomes) in
ice is considered to be approximately 260 kb. Based on this con-
ideration, the authors deﬁned the 200 kb region upstream and
ownstream of the target gene as the haplotype block to allow
election for target alleles with sufﬁcient precision. For example, a
otal of 10 SNP markers representing the haplotype of the WFP-ST12
llele were selected (Fig. 1). In the same manner, the SNP markers
or 4 other cloned genes, Gn1a (12 SNPs), qSW5 (10 SNPs), APO1
10 SNPs) and Xa21 (9 SNPs) were selected by graphical genotyp-
ng. Because the causal mutations (SNPs or insetion/deletions) for
W2, GS3, and pi21 are already known [27,29,30,32], these sites
ere directly used to design the custom array. For genes that are
ot yet cloned, linkage map  information was used. For example,
vc is located near the RFLP marker R1954 on rice chromosome 6
35]. Therefore, the haplotype surrounding R1954 (±200 kb) was
sed for the custom array. SNP sites of the remaining genes were
onsidered based on publicly available literature and additional
apping information obtained by the authors (data not shown).
sing linkage, the accuracy of SNP selection (markers within 5 cm)
as estimated to be higher than 95%.ce 242 (2016) 131–139
3.3. Custom OPA design
Selected SNPs from the haplotype blocks of each of the 16 tar-
get genes were regarded as ﬁrst step candidates for SNP markers.
ADT scoring was conducted using the ﬁrst step candidate mark-
ers and markers with low ADT score (< = 0.5) were replaced with
other possible SNPs. A total of 143 sites including 142 SNPs and 1
InDel were converted to Golden Gate custom OPA (Illumina OPA
ID: VC0014297-OPA, Table 2, Supplementary information 2).
3.4. Comparison of microarray and Golden Gate genotypes
In the SNP microarray analysis, genotype calls using ALCHEMY
gave an output in an [AA, AB, BB] format. The AA indicates an allele
that is identical with that of the reference Nipponbare genome.
In the present study however, the data obtained from Nipponbare
contained BB. This may  be due to diversity within the variety prob-
ably because the sample was  maintained at Nagoya University. The
genotype calls using the Genome Studio software were converted
to [AA, AB, BB] format (Supplementary information 3) before the
results from microarray and Golden Gate array were compared
(Fig. 2 and Supplementary information 4).
The call rate of the parent varieties by the custom OPA was
98.5% (Supplementary information 3). The comparison of haplo-
types obtained for the WFP  gene is shown in Fig. 2. In the 24
varieties tested, and when considering 139 SNPs designed from
the Affymetrix SNP microarray, the rate of genotype concordance
between SNP microarray and Golden Gate array was 95.2% (Sup-
plementary information 4). This reduced rate is because of the
presence of low (or medium) quality SNPs in the custom OPA, 23
out of the 139 SNPs contained missing data greater than 10% (>2
missing data) among the 24 varieties. This is remarkable in the SNPs
covering Xa4 gene, 7 out of the 8 SNPs showed consistency in less
than 16 out of the 24 varieties. If the SNPs for Xa4 were removed,
the consistency was improved to 97.6%. The 2 FNPs for GW2  and
one FNP for GS3 was  precisely detected and corresponded to geno-
types obtained based on PCR (data not shown). The FNP for pi21
(21 bp InDel [32]) was not successful in the custom OPA. On the
whole, the results indicate that genotype data obtained from the
custom Golden Gate OPA is consistent with that of SNP microarray.
The custom OPA enabled haplotype-based or FNP-based MAS  in a
total 14 genes out of the 16 target genes (excepting for pi21 and
Xa4).
3.5. SNP genotyping using F2 populations
Because Gn1a and WFP  signiﬁcantly change the panicle shape
[24,37] and suitable for haplotype-based selection because causal
mutations are not known, three F2 populations that segregated
these 2 genes were picked up and used for the veriﬁcation of
the SNP array in actual segregating populations. The genotypes
of the 3 F2 populations were summarized in Fig. 3. The 4 SNP
markers, id1004195 to id1004310, co-segregated with GN1indel.
One out of the 15 F2 plants from T65BPH25/26 x ST12 showed
recombination between id1004146 and id1004198. One recombi-
nation was  observed between id1004230 and id1004310 in the
ST6 x IRBB4/5/13/21 F2 population. Three out of the 27 plants
(ST12 x IRBB4/5/13/21 and T65BPH25/26 x ST12 crosses taken
together) possessed recombination between the likely WFP geno-
types and RM5493, and 1 recombination was observed within the
SNP markers id8006925 and id8006944. We  thus conclude that
the SNP markers detected using the custom OPA showed a good
co-segregation to PCR-based markers and sufﬁcient for the use of
MAS.
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Fig. 1. Haplotypes encompassing WFP  gene obtained using Affymetrix microarray and SNPs for designing custom SNP array. Schematic physical map of rice chromosome
8  (top) and haplotypes of the region containing WFP  locus (bottom) were shown. Coding sequence of WFP  is from 25,274,541 bp to 25,278,696 bp. Genotypes from SNPs
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enotypes AA, BB, and – indicate the same allele as Nipponbare, alternative allele a
onor  of WFP, and yellow are alternative genotypes. (For interpretation of the refere
. Discussion
MAS  is a common technique used in rice breeding programs. To
his day, PCR-based marker systems are the most commonly used
or MAS. However, the PCR-based markers, in combination with
lectrophoresis have the disadvantage of low throughput. Only sev-
ral markers at most, could be detected in one PCR reaction and
onventional electrophoresis lane. This limits the application of the
arker system for “foreground” selection only of a few target genes.
he practical use of multiplex marker has long been awaited, but
ts realization has been prevented by the lack of technology that
ould cut both costs and processing time. Recently, “breeders” SNP
rrays have been developed for rice [20,21,22,23]. These arrays are
esigned to cover a wide range of cross combinations in rice how-
ver, they are only suitable for “background” selection and are not
argeted for speciﬁc genes.
Unlike the previously reported arrays [20,21,22,23], the SNP
rray developed in this study contains a SNP set targeting spe-
iﬁc genes of interest, and ﬁrst provide a platform for foreground
AS for multiple genes. The 95.2% match between the genotypic
ata obtained using microarray and the custom Golden Gate array
s comparable with the previously reported 82% match [14]. SNP
enotyping using segregating F2 populations conﬁrmed the accu-
acy of the custom array. The approach used in the present study
an be used and applied to future breeding projects that require a
ew set of SNPs. The sequence diversity of rice is being intensively
nalyzed by various projects (e.g. [19]). Therefore, the basic SNP
nformation that is similar to those generated in this study using
icroarray will be available through public databases in the future.NP sites with asterisks at the bottom were converted to Golden Gate custom OPA.
ssing data, respectively. Genotypes with blue background are identical to ST12, the
o color in this ﬁgure legend, the reader is referred to the web version of this article.)
Elimination of additional experimentation for SNP discovery will
allow faster design and fabrication of custom arrays.
In this study, functional nucleotide polymorphisms (FNPs) for
GW2, GS3 and pi21 were directly included in the custom array. The
FNPs for GW2  and GS3 can be detected in the custom array. How-
ever, FNPs for most of the target genes, even in the cloned genes,
have not been identiﬁed as in the case of WFP. WFP was cloned
as a gene controlling the number of primary branches per panicle,
but the FNP responsible for increased number of primary branch-
ing remains unknown [39]. In this case, it is difﬁcult to ﬁnd a DNA
marker that would segregate with the useful allele. The haplotype
selection approach is useful in such a case because the useful allele
can be monitored using a set of SNP markers encompassing the tar-
get loci. Multiplexed SNP markers are considered to be suitable for
this purpose, enabling a versatile SNP array work in various cross
combinations.
The SNP array constructed in the present study is useful in con-
structing a set of NILs that are suitable for trait evaluation because
the SNPs can be used to select useful alleles in a wide range of
genetic backgrounds. The tightly linked set of SNPs can also be used
for dissecting “linkage drag”. In the present study, some recom-
binants within the haplotype regions were detected (Fig. 3). This
indicates that the haplotypes around the target genes can be uti-
lized for the ﬁne genetic dissection of regions near the target genes.
A typical case of a linkage between a useful gene and a harmful
gene was reported in [32]. If a large segregating population is avail-
able, the SNP array can be readily used to construct an NIL with
a very small introgressed chromosome segment from the donor
parent.
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Fig. 2. Comparison of genotypes obtained from Affymetrix microarray and BeadXpress. Schematic physical map  around WFP  locus showing the location of the SNP markers
( icroar
A  data
W color i
a
l
(
i
b
l
t
l
r
c
m
[
i
g
d
t
w
m
t
u
i
w
o
b
t
b
o
atop)  and comparison of genotypes between those detected with Affymetrix SNP m
A,  BB, and – indicate the same allele as Nipponbare, alternative allele and missing
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The simultaneous detection of useful alleles potentially allows
 dramatic decrease in labor and time required to develop pyramid
ines. Development of DNA markers has allowed gene pyramiding
e.g. [31,34,35,49]). In the initial concept of gene pyramiding, near-
sogenic lines (NILs) for each of the target genes must be generated
efore the construction of pyramiding lines [4]. This requires the
aborious, repeated selections and crossings to generate NILs. Addi-
ional effort is also necessary to combine multiple genes into one
ine. The SNP array in this study has the potential to cut the time
equired to pyramid multiple genes into a single variety by direct-
rossing of gene donors and MAS  in the progeny. For example, a
ulti-parent advanced generation inter-cross (MAGIC) population
50,51] can be developed using relatively simple ways of cross-
ng. From a MAGIC population, candidate lines with multiple useful
enes can be selected using the SNP array. The low frequency of the
esirable genotype can be overcome by the use of a large popula-
ion. In addition, this method of direct pyramiding of useful genes
ill also contribute in increasing the genetic diversity in breeding
aterials.
However, cost for SNP detection is still expensive for most of
he rice breeders. Currently the BeadXpress platform can process
p to 96 samples at a time and the cost is still expensive for use
n a breeding project. These limitations are potentially problematic
hen handling a large segregating population. The disadvantage
f the GoldenGate system is in its high initial cost and low ﬂexi-
ility. Although the cost for 1 genotype per sample is comparable
o PCR-based methods (data not shown), the one purchase of OPA
ecomes quite expensive (∼$10,000) and not acceptable for most
f the local breeders. However, the potential of SNP markers for
utomated and simultaneous detection must be advantageous andray (Affy) and Golden Gate with BeadXpress (BX) (bottom) were shown. Genotypes
, respectively. Genotypes with blue background are identical to ST12, the donor of
n this ﬁgure legend, the reader is referred to the web version of this article.)
will be expanded. It is expected that above limitation will be cleared
by the use of next-generation sequencers (NGS). However, the tar-
geted SNP detection with NGS still needs a complicated sample
preparation method [52]. On the other hand, one of the NGS-based
genotyping methods, genotyping by sequencing (GBS) is becoming
common (e.g. [53]). GBS enables multiplexing in both samples and
markers (up to 768 samples and hundreds to thousands of markers
in 1 NGS run) but is not suitable for targeting useful SNPs. It is still
necessary for geneticists and breeders to choose a suitable genotyp-
ing platform in their breeding project. Wide use of the GoldenGate
array might be limited because of the cost problem, so the SNP array
will be used for monitoring whether the newly developed lines pos-
sesses some of useful allele or not, which is informative for further
gene pyramiding and MAS.
To enhance rice production by new varieties, development of
actual plant materials such as NILs is required to verify the effects
of yield-improving genes. It should be considered that the effect
of yield-enhancing genes such as Gn1a [26], WFP  [39] or APO1
[36], are not conﬁrmed yet in other genetic background and actual
farmer’s ﬁeld. Therefore, these potential yield-improving genes
should be tested in various genetic backgrounds. The “New Plant
Type” approach [54] was based on the concept of increasing the
“sink size”, and the aforementioned yield enhancing genes are
considered to be associated with sink size. Furthermore, a gene
for increasing rice “source” ability have been recently reported
[55]. Currently, scientists have a good technology for MAS, but
efforts on actual material development are limited. The breeding
project Wonder Rice Initiative for Food Security and Health (WISH)
was launched by the authors’ group, as an effort to provide pre-
varieties to rice scientists and breeders worldwide. In this project,
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Fig. 3. Conﬁrmation of co-segregation between SNP markers as detected using BeadXpress and PCR-based markers. Genotypes of individual F2 plants obtained from
T65BPH25/26 x ST12, ST6 x T65GRH2/4/6 and ST12 x IRBB4/5/13/21, and parents were shown on the right. Locations of Gn1a and WFP  and DNA markers are shown as
p nbare
a s. (For
t
t
t
d
m
s
m
e
l
b
t
f
o
a
t
w
A
o
nhysical  maps on the left. Genotypes AA, BB, and – inidicate the same allele as Nippo
re  identical to ST12 or ST6, yellow are alternative allele, and green are heterozygou
o  the web version of this article.)
he authors envision incorporating multiple useful genes (Table 2)
o recipient varieties (Table 1) and generating pre-varieties for
istribution. The anticipated pre-varieties contain two types of
aterials: (1) breeding materials with uniform backgrounds (i.e.
ets of NILs / pyramid lines with multiple backgrounds) that provide
ore convenience to rice breeders because they can evaluate the
ffect of incorporated genes on their own breeding sites, (2) single
ine with many useful genes (i.e. highly-pyramided lines) that will
e conveniently used because multiple genes can be incorporated
o target varieties with a single cross, and (3) the SNP information
or useful genes will be available. The versatile SNP array devel-
ped in this study will largely contribute in facilitating the breeding
ctivity. Both plant materials and SNP arrays will be made available
o help improve varieties that are adapted to various regions in the
orld.
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